Abstract The pathological progression of osteoarthritis (OA) involves degradation of articular cartilage matrix. Type II collagen is the main component of cartilage matrix, which is degraded by pro-inflammatory cytokines such as IL-1β mediated by MMP-13. Nebivolol, a licensed drug used for the treatment of hypertension in clinics, displays its antiinflammatory capacity in various conditions. However, whether Nebivolol has a protective effect on cartilage matrix degradation has not been reported before. In this study, we investigated the effects of Nebivolol on regulating the expression of MMP-13 and degradation of type II collagen. Our results indicate that Nebivolol alleviated the increase in gene expression, protein expression, and activity of MMP-13 induced by IL-1β. Importantly, IL-1β strikingly reduced the levels of type II collagen in cell culture supernatants, which was reversed by treatment with Nebivolol in a dose-dependent manner. Mechanistically, Nebivolol was found to alleviate the increased levels of phosphorylated IκBα and reduced levels of total IκBα induced by IL-1β, which subsequently mitigated p65 nuclear translocation and the transcriptional activity of NF-κB. Furthermore, our results indicated that IL-1β treatment resulted in a significant increase in expression of the transcriptional factor interferon regulatory factor-1 (IRF-1) at both the mRNA and protein levels, which was significantly ameliorated by treatment with Nebivolol. The combination of these findings suggests that Nebivolol can potentially be applied in human OA treatment.
Introduction
Osteoarthritis (OA) is a group of diseases and mechanical abnormalities affecting millions of people worldwide. The pathological progression involves degradation of articular cartilage matrix and the sub-chondral bone (Patra and Sandell 2011) . Previous studies suggest that the inhibition of cartilage loss and the promotion of cartilage repair are important issues to address. However, there is currently no cure for OA (Loeser et al. 2012) . Cartilage matrix degradation is mainly mediated by matrix metalloproteinases (MMPs) Goldring and Marcu 2009) . Type II collagen is the main component of cartilage matrix. In particular, MMP-13 is the most potent enzyme in cleaving type II collagen. Pro-inflammatory cytokines such as interleukin-1β (IL-1β) play pivotal roles in degradation of type II collagen. It is well known that IL-1β induces the activation of pro-inflammatory transcriptional factor nuclear factor-κB (NF-κB) through phosphorylation of IκB kinase (IKK) and IκB. Activation of NF-κB induces inflammationrelated gene expression, such as matrix metalloproteinase-13 (MMP-13) (Mengshol et al. 2000) . Transcriptional activation of MMP-13 induced by IL-1β is also mediated by the transcriptional factor interferon regulatory factor-1 (IRF-1), the expression of which in OA chondrocytes is significantly higher compared to those in normal chondrocytes (Lu et al. 2014) . It is suggested that inhibition of MMP-13 expression may show some beneficial effects of chondro-protection on the pathological conditions such as OA (Johnson et al. 2007) .
Nebivolol, the third-generation β-blocker, has been approved by the Food and Drug Administration (FDA) for the treatment of hypertension in clinics. Nebivolol has been shown to reduce systemic vascular resistance and improve diastolic function (Mercanoglu et al. 2010 ). In addition, clinical investigations also demonstrated that Nebivolol is capable of reducing mortality and morbidity in elderly patients with heart failure (Dobre et al. 2007) . Notably, a recent study demonstrated that Nebivolol significantly attenuated vascular remodeling by attenuating hypertension-induced increases in aortic NAD(P)H oxidase activity, superoxide production, TBARS concentrations, nitrotyrosine levels, TGF-β upregulation, and MMP-2 and MMP-9 expression/activity (Ceron et al. 2013) . Another study also displayed the anti-proinflammatory property of Nebivolol by showing that Nebivolol downregulates Ox-LDL-induced elevation of adhesion molecules such as ICAM-1, ICAM-2, ICAM-3, Eselectin, and P-selectin (Garbin et al. 2008) . However, it is unknown whether Nebivolol regulates the expression of MMP-13 and degradation of type II collagen. In this study, we report that Nebivolol ameliorated the induction of MMP-13 and reduction of type II collagen through blocking both the IκBα/NF-κB and STAT-1/IRF-1 pathways.
Materials and methods
Isolation and culture of chondrocytes from human articular cartilage Healthy femoral head articular cartilage specimens were obtained from 12 generally healthy patients aged 50-71 years (mean age 61.2 ± 2.7 years) undergoing joint replacement surgery and isolated for human articular chondrocytes. The samples were collected with written approvals from the Institutional Ethics Committee at Dalian University and also from the patients. Cartilage pieces were minced finely and digested at 37°C with 0.2% collagenase (type II; SigmaAldrich) for 4 h in Dulbecco's modified Eagle's medium (DMEM; Gibco, USA). Chondrocytes released from matrix were filtered through a nylon mesh filter to isolate single cells. Isolated cells were cultured in DMEM medium containing 20 mM HEPES and 10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml) (pH = 7.4). Cells were treated with10 ng/ml IL-1β in the presence or absence of various concentrations of Dl-Nebivolol for 24 h. Stat1 small interfering RNA (siRNA) (Cell Signaling Technology) was transfected into cells by DharmaFECT reagent according to the manufacturer's instructions for 24 h before treatment with IL-1β (10 ng/ml). Human chondrocytes were infected with an Iκ-Bα-dominant negative mutant (Iκ-Bα-S32A/S36A; DNM IκBα) adenovirus (Vector Biolabs, USA) or control. Twenty-four hours later, cells were treated with IL-1β (10 ng/ml) in the presence or absence of Nebivolol (10 μM) for another 24 h.
Real-time PCR
Intracellular RNA was extracted from chondrocytes by using Qiazol (Qiagen, France). NanoDrop was used to measure the quantity of RNA. Reverse transcription was performed on 1 μg RNA by use of the iScript cDNA Synthesis Kit (Bio-Rad, USA) to synthesize cDNA. Gene expression at messenger RNA (mRNA) levels was determined by real-time PCR with GoTaq qPCR Master Mix (Promega, Charbonnières les Bains, France) in the LC480 LightCycler Real-Time PCR system (Roche Applied Science, Meylan, France). Target gene expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Following primers were used in this study: humanIRF-1 forward 5′-ctggagagggtctcgctgt-3′ and reverse 5′-ttctggggtcactggtctgt-3′, human MMP-13 forward 5′-ccagtctccgaggagaaaca-3′ and reverse 5′-aaaaacagctccgcatcaac-3′, and human GAPDH forward 5′-ccacatcgctcagacaccat-3′ and reverse 5′-ccaggcgcccaatacg-3′.
MMP-13 enzymatic activity assays
Upon completion of indicated treatment, MMP-13 activity in the culture supernatants was described previously (Francin et al. 2014) . The synthetic fluorogenic substrate Mca-ProLeu-Gly-Leu-Dpa-Ala-Arg-NH2 was used to determine MMP-13 activity in continuous assays. Results were normalized to concentration of proteins in the culture supernatant.
Western blot analysis
Human chondrocytes were washed with PBS. The cellular lysates were prepared by using the cell lysis buffer. Twenty micrograms of total intracellular proteins was resolved on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to immobilon polyvinyl difluoride (PVDF) membranes (Bio-Rad, USA). The transferred membranes were blocked with 4% BSA for 1 h at room temperature, followed by incubation with the primary antibodies against IκB kinase (IKK)α/β, p-IKKα/β, IkBα, p-IkBα, p65, p-p65, and collagen II (1:1000, Santa Cruz) overnight at 4°C. Then, cells were washed for three times and the blots were subsequently incubated with the secondary goat anti-rabbit or anti-mouse antibodies conjugated with horseradish peroxidase (1:1000) for 1 h at room temperature. The blots were developed with enhanced chemiluminescence reagent. For MMP-13 and type II collagen expressions in cell culture supernatants, media was collected after indicated treatment, followed by concentrated with TCA and acetone as described previously (Liacini et al. 2005) . MMP-13 and type II collagen expressions at protein levels were evaluated by western blot analysis.
Luciferase reporter assays
Human chondrocytes were transfected with pNF-κB-Luc using Lipofectamine 2000 (Invitrogen). Transfected cells were treated with 10 ng/ml IL-1β in the presence or absence of various concentrations of Dl-nebivolol for 24 h. Then, cells were lysed and luciferase activity was determined by use of a Dual-Luciferase Kit (Promega, USA) and TD-20/20 luminometer (TurnerDesigns, USA) according to the manufacturer's instructions.
Immunofluorescence
The expressions of IRF-1 at protein levels were determined by the immunofluorescence assay. Briefly, cells were washed for three times with PBS and fixed with 4% paraformaldehyde for 10 min at room temperature (RT), followed by permeabilization with 0.1% Triton X-100 on ice. Then, cells were blocked with 5% normal goat serum in phosphate-buffered saline (PBS) for 1 h at RT and incubated with primary antibodies diluted in TBS (1:500). Two hours later, cells were incubated with Alexa-594-conjugated secondary antibodies diluted in TBS (1:200) for 1 h at RT. Nuclear was stained with 4′,6-diamidino-2-phenylindole (DAPI) (Vector labs, USA).
Statistical analysis
Experimental data are shown as arithmetic mean ± SD. Statistical analysis was evaluated using unpaired Student's t test and one-way ANOVA followed by Dunnett's analysis. P < 0.05 was considered significantly different. Protein levels of MMP-13 in cell culture supernatants were determined by western blot analysis. d Activity of MMP-13 in cell culture supernatants was determined (*P < 0.01 vs. untreated group, # P < 0.01 vs. IL-1β-treated group) Fig. 2 Nebivolol mitigates the degradation of type II collagen induced by IL-1β in human chondrocytes. Cells were treated with IL-1β (10 ng/ml) in the absence or presence of Nebivolol from 1, 5, and 10 μM for 24 h.
The levels of collagen type II in cell culture supernatants were measured by western blot analysis (P < 0.01 vs. control group, # P < 0.01 vs. IL-1β-treated group)
Results
Nebivolol is one of the most important β1-adrenergic receptor blockers; the molecular structure of which is shown in Fig. 1a . Firstly, we investigated whether Nebivolol regulated IL-1β-induced gene expression of MMP-13 by quantitative real-time PCR. As shown in Fig. 1b , IL-1β treatment at the concentration of 10 ng/ml significantly increased the expression of MMP-13 at mRNA levels, which was attenuated by Nebivolol in a dose-dependent manner from 1 to 10 μM. Consistently, western blot analysis results revealed that Nebivolol could ameliorate the effect of IL-1β on inducing the protein expression of MMP-13 in cell culture supernatants (Fig. 1c) . In addition, Nebivolol alleviated the increase in MMP-13 activity induced by IL-1β (Fig. 1d) .
MMP-13 cleaves fibrillar collagens with preference to type II collagen. Therefore, we examined the effects of Nebivolol on the levels of type II collagen by western blot analysis. The results in Fig. 2 showed that IL-1β strikingly reduced the levels of type II collagen in cell culture supernatants, which was abolished by treatment with Nebivolol in a dose-dependent manner.
It is well known that the transcriptional factor NF-κB and its upstream signals are involved in the induction of MMPs by IL-1β in chondrocytes. We then investigated whether IL-1β-induced activation of NF-κB was affected by Nebivolol. Activation of the NF-κB transcription factor is associated with nuclear translocation of the p65 component of the complex. Nuclear proteins were extracted from chondrocytes and used for western blot analysis. As shown in Fig. 3a , IL-1β treatment promoted p65 nuclear translocation. However, treatment with Nebivolol mitigated p65 nuclear translocation induced by IL-1β. Consistently, the NF-κB-Luc reporter assay demonstrated that IL-1β drastically induced NF-κB luciferase activity, which was markedly alleviated by Nebivolol treatment (Fig. 3b) . The Fig. 3 Nebivolol mitigates the activation of NF-κB. Cells were treated with IL-1β (10 ng/ml) in the absence or presence of 10 μM Nebivolol for 24 h. a Effects of Nebivolol on p65 nuclear translocation, GAPDH, and Lamin B served as controls in the cytosol and nucleus, respectively. b NF-κB luciferase reporter assays. Human chondrocytes transfected with pNF-κB-Luc reporter were treated with IL-1β (10 ng/ml) in the presence or absence of Nebivolol as indicated for 24 h before measuring luciferase activity (*P < 0.01 vs. non-treated control, # P < 0.01 vs. IL-1β-treated group) Fig. 4 Nebivolol mitigates the phosphorylation and degradation of IκBα in human chondrocytes induced by IL-1β. Cells were treated with IL-1β (10 ng/ml) in the absence or presence of 10 μM Nebivolol for 24 h. a Western blot and quantification analysis revealed that the phosphorylation of IκBα as induced by the administration of IL-1β was mitigated by Nebivolol. b Western blot and quantification analysis revealed that the reduction of IκBα as induced by the administration of IL-1β was attenuated by Nebivolol (*P < 0.01 vs. non-treated control, # P < 0.01 vs. IL-1β-treated group) activity of NF-κB is negatively regulated by IκB binding. IκB phosphorylation and subsequent degradation plays a pivotal role in regulating NF-κB activation. Our results indicate that IL-1β treatment resulted in a significant increase in the level of phosphorylated IκBα, which was significantly alleviated by treatment with Nebivolol (Fig. 4a) . In addition, the effects of Nebivolol on IκBα degradation were evaluated by western blot analysis. Treatment with IL-1β induced a significant reduction of IκB-α. However, Nebivolol treatment attenuated the degradation of IκB-α (Fig. 4b) . In order to confirm the role of the IκBα/NF-κB pathway in MMP-13 expression, cells were infected with either a recombinant adenovirus encoding a dominant negative mutant form of IκBα (IκBα-S32A/S36A; DNM IκBα) or control, followed by treatment with IL-1β in the presence or absence of Nebivolol. Overexpression of IκBα was verified by western blot analysis in Fig. 5a . Results in Fig. 5b indicate that expression of the dominant negative mutant IκB (DNM IκBα) blocked the effects of IL-1β and Nebivolol on the expression of extracellular MMP-13.
Previous studies also showed that transcriptional activation of MMP-13 induced by IL-1β is mediated by the transcriptional factor IRF-1. We further investigated whether IRF-1 participated in the inhibitory effects of Nebivolol on MMP-13 expression. Real-time PCR results displayed that treatment with Nebivolol attenuated the elevation of IRF-1 induced by IL-1β in a dosedependent manner (Fig. 6a) . Consistently, immunofluorescence study revealed that the expression of IRF-1 at protein levels was ameliorated by Nebivolol (Fig. 6b) . In addition, the inhibitory effects of Nebivolol on IRF-1 expression at protein levels were confirmed by the western blot analysis (Fig. 6c) .
Expression of IRF-1 is regulated by signal transducers and activator of transcription 1 (STAT1). Therefore, we investigated whether Stat1 is involved in the regulatory roles of Nebivolol in IRF-1 expression. Activation of Stat1 is mediated by serine phosphorylation at amino acid 727 (Ser727). As shown in Fig. 7 , IL-1β obviously increased phosphorylated levels of Stat1 at Ser727, which was ameliorated by treatment with Nebivolol. However, levels of total Stat1 maintain consistent. We next used siRNA transfection to confirm the role of STAT1 in IRF-1 and MMP-13 expressions. Successful knockdown of STAT1 was shown in Fig. 7b . As shown in Fig. 7c, d , knockdown of STAT1 reduced both intracellular IRF-1 and Fig. 6 Nebivolol mitigates the expression of IRF-1 at both mRNA and protein levels. a Cells were treated with IL-1β (10 ng/ml) in the absence or presence of Nebivolol from 1, 5, and 10 μM for 24 h. mRNA levels of IRF-1 were determined by real-time PCR. b Cells were treated with IL-1β (10 ng/ml) in the absence or presence of 10 μM Nebivolol for 24 h.
Protein expression of IRF-1 was measured by an immunofluorescence assay. c Cells were treated with IL-1β (10 ng/ml) in the absence or presence of Nebivolol for 24 h. Protein expression of IRF-1 was measured by the western blot analysis (*P < 0.01 vs. non-treated control, # P < 0.01 vs. IL-1β-treated group) extracellular MMP-13, indicating the principal involvement of STAT1. In addition, silence of STAT1 by STAT1 siRNA promoted the inhibitory effects of Nevibolol on IRF-1 and MMP-13 expressions. These findings suggest that Nebivolol might alleviate the expressions of IRF-1 and MMP-13 through abolishing the activation of Stat1.
Discussion
The progressive degeneration of articular cartilage including chondrocyte loss and degradation of the extracellular matrix (ECM) is one of the main symptoms in OA (Vignon et al. 2000) . It is well known that pro-inflammatory cytokines secreted by chondrocytes, such as IL-1β, contributes to the progression of OA (Goldring 2000) . Chondrocyte apoptosis is an important hallmark of OA (Heraud et al. 2000) . IL-1β treatment triggers large-scale chondrocyte apoptosis (Yasuhara et al. 2005) . Specifically, administration of IL-1β facilitated the generation of reactive oxygen species (ROS), activated mitogen-activated protein kinase (MAPK) pathways, which led to chondrocyte apoptosis (Zhou et al. 2008) . Thus, chondrocytes treated with IL-1β provided a useful model of OA chondrocytes (Sanchez et al. 2005a (Sanchez et al. , 2005b . Anti-apoptotic capacity of Nebivolol has been reported in previous studies (Tsoporis et al. 2014) . The effect of Nebivolol on IL-1β-induced apoptosis remains unknown and needs to be elucidated in future studies. Notably, administration of IL-1β has been used to mimic the status of chondrocytes in OA (Sanchez et al. 2005a (Sanchez et al. , 2005b . In this study, we found that Nebivolol promoted type II collagen matrix production in IL-1β-stimulated articular chondrocytes, one type of model OA chondrocytes. Specifically, Nebivolol could ameliorate the expression and activity of MMP-13. The underlying mechanism of Nebivolol is associated with both NF-κB and IRF-1 pathways. These findings demonstrated that Nebivolol promoted matrix production in IL-1β-stimulated chondrocytes, suggesting that Nebivolol might represent a therapeutic potential for the treatment of cartilage damage in OA.
The degradation of collagen starts at the articular surface (Wu et al. 2002) . As one of principal collagenases degrading cartilage matrix under pathological conditions such as OA, MMP-13 is overexpressed in the synovial space in many cases of human OA (Senolt et al. 2006) . It is well known that MMP-13 is largely responsible to degrade cartilage collagen matrix in articular joints, especially type II collagen (Takaishi et al. 2008 ). An in vivo study with mice expressing an active human collagenase (MMP-13) transgene have shown that extensive damage to collagen and aggrecan occurs, leading to cartilage thinning, before overt fibrillation is seen. Consistently, Wen and colleagues reported that IL-1β treatment induced MMP-13 expression in the SW1353 chondrocyte cell line by activation of the transcription factor NF-κB (Wen et al. 2006) . NF-κB is a protein complex that controls transcription of DNA in regulating pro-inflammatory signaling pathway, including MMP and pro-inflammatory cytokine secretion. In this study, we found that Nebivolol mitigated the expression of MMP-13. Consistently, Nebivolol has been reported to mitigate the expressions/activities of MMP-2 and MMP-9 (Ceron et al. 2013) . In this study, Nevibolol was used at the concentrations of 1, 5, and 10 μM, which are consistent with previous studies showing that Nebivolol exerts various pharmacological actions in a range of micromolar concentrations and are comparable to the concentrations used for treatment of patients (Dogan et al. 2014 ). Consistently, it was shown that increasing amounts of the Nevibolol (from 1 to 25 μM) increased the production of nitric oxide and reduced the generation of ROS in endothelial cells (Cominacini et al. 2003) . Pretreatment with 10 μM Nebivolol suppressed autophagy, restored mitochondrial biogenesis, leading to decreased mitochondrial reactive oxygen species (mtROS) generation in H9C2 cells (Xie et al. 2016 ). In addition, Nevibolol in a range of micromolar concentrations had a protective effect in isolated canine coronary arteries (Gao et al. 1991) .
The transcription factor IRF-1 is also induced by IL-1β to regulate inflammation. MMP-13 is selectively regulated by IRF-1, the level of which is elevated in several chronic inflammatory diseases including OA (Lu et al. 2014) . Our finding that Nebivolol could attenuate IL-1β-induced expression of IRF-1 might suggest its significance in IL-1β-mediated damage of cartilage. Activation of STAT1 through phosphorylation at Ser727 has been reported to be involved in the expression of IRF-1. The existence of JAK/STAT pathway plays an essential role in the process of inflammation in chondrocytes. Our results display that treatment with Nebivolol is able to mitigate the induction of IRF-1 by attenuating the activation of Stat1, exploring the underlying mechanisms. The relationship between the JAK/STAT/IRF-1 pathway and the NF-κB pathway is complex. Interestingly, NF-κB has been reported to regulate IL-1β-induced expression of IRF-1. Particularly, IL-1β activated IKK complex, the phosphorylation and degradation of IκBα, thereby liberated NF-κB (Shultz et al. 2009 ). Activation of the phosphorylation of p65 then interacts with IRF1 directly or indirectly to affect its binding ability. IL-1β stimulates p65 interaction with IRF-1 to regulate the platelet-derived growth factor (PDGF)-D promoter activity in smooth muscle cells (Liu and Khachigian 2009) . Activation of STAT1 can cooperate with NF-κB to promote enhanced transcription of target genes, including IRF-1 (Ohmori et al. 1997) . It is possible that there is a synergistic action between NF-кB and IRF-1 on regulating the expression of MMP-13 and degradation of type II collagen. Indeed, it has been reported that the activation of NF-κB and IRF-1 synergistically activated the RANTES promoter elements in response to TNF-α and IFN-γ and treatment (Lee et al. 2000) . Logical next steps are to explore the possibility of a similar relationship between IRF1 and NF-кB in NF-κB and/or IRF1-deficient cells and to delineate the mechanism by which Nevibolol ameliorates IL-1β-induced MMP-13 expression and type II collagen degradation. Targeted strategies that interfere with IκBα/NF-κB and STAT-1/IRF-1 pathways could offer novel potential therapeutic options for OA treatment. There is currently no therapeutic with a clearly demonstrated ability to modify the course of OA (Cheng and Visco 2012) . The inhibitory effects of Nebivolol against IL-1β-induced type II collagen degradation found in this study suggest its possible use in OA.
